Axons are thin tubular extensions generated by neuronal cells to transmit signals across long distances. In the peripheral and the central nervous systems, axons experience large deformations during normal activity or as a result of injury. Yet, axon biomechanics, and its relation to the internal structure that allows axons to withstand such deformations, is poorly understood. Up to
now, it has been generally assumed that microtubules and their associated proteins are the major load-bearing elements in axons. We revise this view point by combining mechanical measurements using a custom developed force apparatus with biochemical or genetic modifications to the axonal cytoskeleton, revealing an unexpected role played by the actin-spectrin skeleton. For this, we first demonstrate that axons exhibit a reversible strain-softening response, where its steady state elastic modulus decreases with increasing strain. We then explore the contributions from the various cytoskeletal components of the axon, and show that the recently discovered membrane-associated skeleton consisting of periodically spaced actin filaments interconnected by spectrin tetramers play a prominent mechanical role. Finally, using a theoretical model we argue that the actin-spectrin skeleton act as an axonal tension buffer by reversibly unfolding repeat domains of the spectrin tetramers to buffer excess mechanical stress.
have shown that axons can also develop excess tension when stretched, presumably due to the action of molecular motors [11] . Such contractile stress generation has since been studied experimentally and theoretically in some detail and is found to arise due to the action of myosin-II molecular motors [12] [13] [14] [15] . Despite the observation of such a rich variety of mechanical responses, the structure-function relationships between the different cytoskeletal elements and these mechanical responses are poorly understood.
In this article, we use a strain-controlled, optical fiber based force apparatus to show that axons exhibit a hitherto unknown strain-softening behavior where the steady state elastic modulus diminishes with increasing strain. By combining our extension rheology technique with biochemical and genetic interventions that alter specific cytoskeletal components, we demonstrate that the actin-spectrin skeleton is a major contributor to the axonal mechanical response to stretch. Then, with the help of a theoretical model, we argue that strainsoftening possibly arises from the force-induced unfolding of spectrin subunits, a process known to occur when single spectrin molecules are stretched [16] . Based on these findings we propose that the actin-spectrin skeleton in axons can act as a tension buffer or "shockabsorber" allowing axons to undergo significant deformations without excess build up of tension, as seen in our experiments. Moreover, we show that this mechanism renders axons with a viscoelastic solid-like response, with memory of the initial state, which allow axons to undergo reversible stretch deformations.
RESULTS:
Axons exhibit strain-softening, viscoelastic solid-like response:
In order to study the axonal response as a function of imposed strain, we applied successively increasing strain steps with a wait time between steps using the home-developed force apparatus shown in Fig. 2A (image of setup: Fig. S1 , stretching of axon: Movie-S1) [18] . After each step, the strain is held constant using a feedback algorithm. The resulting force relaxation data is shown in Fig. 2B . Unless specified otherwise, all data are for cells grown for two days in-vitro (2-DIV). The force relaxation after each step is indicative of the viscoelastic nature of the axon. From the data, we can calculate the axonal tension T = F/(2 sin θ) (see Fig. 2C ), where sin θ = d/ d 2 + (L 0 /2) 2 , with θ(t) as the angle with FIG. 1. A simplified schematic of the axonal cytoskeleton. Typically, the axonal core has a bundle of microtubules which are cross-linked by a variety of microtubule associated proteins which includes tau (in some cases a more loose organisation of microtubules interdispesed with neurofilaments is seen) [17] . This core is surrounded by neurofilaments. The outer most scaffold has an array of periodically spaced rings composed of F-actin filaments. The actin rings are interconnected by α/β-spectrin tetramers, which are aligned along the axonal axis (only tetramers in a cross-section are shown for clarity). Other cortical F-actin structures also exist. A myriad of proteins, including motor proteins (not shown) interconnect the various filaments, and also the membrane (grey lines) to the inner skeleton. The chick DRG axons we use are about 1 µm thick and the rings in them are about 200 nm apart.
respect to the initial position, d is the displacement of the tip of the cantilever which is in contact with the axon mid point, and L 0 is the initial length of the axon. The calculated tension plotted in Fig. 2B shows that it tends to relax to the same steady state value T ss as the strain on the axon increases. The inset of Fig. 2D shows this trend for T ss seen for multiple axons. The occurrence of a steady state tension (or a steady state force) is indicative of a solid-like behavir of the axons at longer timescales. To check this further we performed a few experiments with wait time ∼ 10 min the typical relaxation time (quantified later) after a strain step and these show that the force indeed decays to a non-zero steady state value ( Fig. S2 ).
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FIG. 2. Feedback-controlled axon stretch apparatus reveals strain-softening behavior.
(A) The schematic of the home-developed force apparatus that uses an etched optical fiber as a cantilever to stretch axons and to sense force. Laser light exiting the cantilever tip is imaged on to a Position Sensitive Detector (PSD), which in turn is read by a computer. The computer controls a piezo drive via a feedback algorithm to apply strain steps and then to maintain the strain constant after each step. (B) Typical force response (dark blue) of a 2-DIV axon to increasing strain explored using successive strain steps (red). The calculated tension in the axons (sky blue) is also shown. The inset shows the images of the axon before and after stretch (scale bar: 20 µm). The light exiting the etched optical fiber cantilever can be seen as a bright spot (reduced in intensity for clarity), and this is imaged on to the PSD to detect cantilever deflection. (C) Illustration of the parameters used in the calculations. The strain is calculated as γ = ( L 2 0 + 4d 2 − L 0 )/L 0 , and force on the cantilever as We note that the axonal structure is highly anisotropic and is composed of multiple cytoskeletal structures, and its elastic response is non-linear. Considering extensile deformations alone, we calculate an "effective" Young's modulus E = (T ss − T 0 )/(A.γ), where T 0 is the tension of the axon at zero strain which is calculated by extrapolating the tension vs.
strain data ( Fig. S3 ), A is the cross-sectional area of the axon (neglecting the change in A with strain), and γ = ( L 2 0 + 4d 2 − L 0 )/L 0 is the imposed strain. This modulus is expected to be different from that measured using AFM or magnetic tweezers where the imposed force or strain is radial [19, 20] . The effective modulus data we obtained from multiple axons is shown in Fig. 2D , with more examples in Fig. S4 . Remarkably, the elastic modulus shows a strain-softening which actually reflect the tendency for tension to saturate with increasing strain (tension homeostasis). This strain-softening response is not due to any permanent damage or plastic flow as the response remains qualitatively the same when repeated for the same axon. Moreover, when the axons are released from the cantilever from the maximal strain state they recover their initial length within 5-10 s (Movie-S2).
F-actin plays a more significant role than microtubules in axonal response to stretch:
Since turnover of cytoskeletal elements, such as actin and microtubules, can be straindependent, for example, via opening of stretch-activated Ca ++ channels, it is conceivable that the strain-softening response arises due to cytoskeletal remodelling. To test this, and the relative contributions of different structural elements, we performed experiments aimed at either stabilizing or destabilizing microtubules and F-actin using 2-DIV axons. We first tested the response of axons treated with the microtubule stabilizer Taxol at 10 µM for 30 min and the resulting data are shown in Fig. 3A . The elastic moduli show a strain-softening response similar to normal axons, albeit with higher values of the moduli. Next, in order to check whether F-actin dynamics could lead to strain-softening, we treated neurons with 5 µM of the F-actin stabilizing agent Jasplakinolide for 30 min; see To further investigate the possible role of the microtubule and F-actin cytoskeletons, we performed axon stretch experiments after specifically disrupting each of these elements. To avoid irreversible damage to drug-treated, cytoskeleton-weakened axons, instead of the previous increasing step-strain experiments, we subjected them to a cyclic strain protocol where repeated up and down steps of equal magnitude are applied ( Fig. S7 ). Moreover, to reduce scatter in data due to natural axon to axon variation, the same axon was probed before and after treatment. We first applied cyclic strain on control axons for extended periods to ensure that axons are not damaged under such conditions ( Fig.   S7 ). We then performed measurements after depolymerizing microtubules using Nocodazole (Noco) at 10 µM for up to 30 min. After this treatment, some axons exhibited pronounced beading as is expected when microtubules are lost. As can be seen from Fig. 3D , on the average, treated axons showed a reduction in steady state tension: T ss (γ = 0.01) = 9.3 nN±1.6(control), 6.4 nN±2.1(Noco: 5 min), 5.8 nN±2.0(Noco: 30 min), where the values are mean ± SE (see Fig. 3E , and individual data in Fig. 3D ). Next, we disrupted F-actin using 1 µM Latrunculin-A (Lat-A) for up to 30 min and observed that this treatment produced a much more dramatic reduction in the steady state tension than did Nocodazole, as shown in Fig. 3D . In this case, we obtained T ss (γ = 0.01) = 13.0 nN ± 2.5(control), 3.5 nN ± 1.0(Lat-A: 5 min), 1.8 nN±0.4(Lat-A: 30 min), where the values are mean ± SE (see Fig. 3F , and individual data in Fig. 3D ). This correlates well with the tendency of Jasplakinolide to cause a larger increase in axon elastic modulus as compared with Taxol (see Fig. 3C ).
In addition, the tension relaxation is much faster for Latrunculin-A treatment as compared with either Nocodazole-treated or control axons (Figs. S8, S9), suggesting that F-actin plays a leading role in strain-softening in axons.
The larger effects seen after F-actin stabilization or disruption, when compared to microtubule perturbation, comes as a surprise as axonal mechanics is thought to be dominated by microtubules. Since there are interdependencies between the stability of these two component, we tested whether the sharp decrease in moduli after F-actin disruption could be due to microtubules too becoming destabilized subsequent to Lat-A treatment.
For this we first treated axons with Taxol to stabilize microtubules, and then exposed these axons to Lat-A (all concentrations and time as above). This data, presented in The emergence of F-actin as more relevant than microtubules to the axon mechanical 8 response under stretching is surprising given that microtubules usually form an aligned and tightly cross-linked bundle at the core of the axons. This finding prompted us to explore in more detail how F-actin regulates the axon stretch response, in particular via the periodic lattice of rings it forms together with α and β spectrin tetramers [2, 3].
Spectrin contributes prominently to axonal stretch response:
To check the spectrin distribution along axons we first imaged spectrin content in chick DRG axons using antibody labelling and confocal microscopy. Every axon imaged (n = 180) showed significant spectrin fluorescence distributed along the axon even at 2-DIV ( Fig.   S10 ). The ultra-structure of the spectrin organisation is revealed in the STED nanoscopy images shown in Figs. 4A1, 4A2, S11. The periodic lattice becomes more prevalent with the number of days the neurons are in culture while maintaining a periodicity in the range of 190 to 200 nm (see Table- Remarkably, the increase in prevalence of the actin-spectrin lattice with age quantified in Table-S1 The variation of the steady state tension T ss with strain for 4-DIV cells shows that tension tends to saturate, and is shown in Fig. S15 .
Next, we performed knock-down experiments using a specific morpholino (MO) against chick β-II spectrin. Depletion of β-II spectrin has been reported to abolish the development of the periodic organization of the actin-spectrin membrane-associated skeleton [21] . Antiβ-II spectrin morpholino-treated axons show a dramatic decrease in the steady state tension compared to axons treated with a non-specific morpholino as shown in Fig. 4C . In some cases force values were so low that determination of rest tension T 0 was not possible. The extent of knock-down was quantified using antibody labelling and the result is shown in the inset of Fig. 4C , demonstrating a correlation between reduction in spectrin content and strain-dependent steady state tension shown in the main plot. We could not observe any difference in growth characteristics or caliber between knock-down and control cells. Thus, these results clearly demonstrate the significance of the actin-spectrin skeleton in axonal response to stretch deformations. We then turned to theoretical modelling to gain further insight into how this skeleton may contribute to the observed axonal response.
Folding-unfolding of spectrin buffers axon tension:
The axonal cytoskeleton is complex ( Fig. 1) [22] and delineating the contributions of the different components is not trivial. It has been generally assumed that bundled microtubules are the main mechanical element in axons [23, 24] . However, our results demonstrate that Factin and spetcrin play a very prominent role in axonal mechanical response. Furthermore, we see that axons behave as strain-softening, viscoelastic solids at long times, unlike a fluidlike state predicted by pure microtubule based models that invoke cross-link detachments [23, 24] . For these reasons, and to obtain some insight into how the actin-spectrin skeleton contributes, we first consider the actin-spectrin skeleton alone and model its response to mechanical stretch.
When an axon is suddenly stretched at constant strain, the tension is not constant, but instead relaxes over time ( Fig. 2B ) till it reaches a non-zero steady-state value, indicating that dissipative processes are occurring at the microscopic scale. The observation of a steady state tension at long times precludes unbinding processes (it is also precludes unbinding of microtubules-associated or actin-associated crosslinkers), such as between spectrin tetramers and actin rings, as repeated unbinding events will allow tension to relax all the way to zero. Therefore, we model tension relaxation as arising from unfolding/re-folding of repeats along a spectrin tetramer, which is known to yield softening at the single tetramer level [16, 25] .
These unfolding events lead to dissipation of stored elastic energy.
With these assumptions in mind, our model consists of M spectrin tetramers per axon cross-section, such that tetramers are longitudinally linked by actin filaments, as shown in Fig. 5A . Note that the model holds even if actin is not present as rings but as short filaments that interconnect the tetramers like in RBCs. A spectrin tetramer is modeled as a polymer chain with N = 76 repeats [25] , and each repeat can be in an unfolded (u) or a folded (f ) configuration. Then, we let N u (t) be the number of unfolded repeats on a tetramer at time t; therefore N f (t) = N − N u (t) is the number of folded ones. Transitions from u ↔ f depend on the typical tension per spectrin tetramer, T s , in an axonal cross-section, that is, T s ≈ T /M , and, in turn, T s will depend on the state of folding along the tetramer.
In a mean-field approach, N u (t) evolves according to the kinetic equation
where ν u and ν f are, respectively, the unfolding and folding transition rates, and are assumed to depend on the tension [25, 26] :
Here, the inverse time constant τ −1 0 is the unfolding rate at zero tension. Furthermore, x f , x t , and x u are position-related reaction coordinates in the folded, transition, and unfolded states, such that x u > x t > x f (Fig. 5A ). Finally, k B is Boltzmann's constant, T is temperature, and ∆E > 0 is the energy difference between the u and f states.
In the next step, we model the force-extension relation of a spectrin tetramer using an interpolation formula from the wormlike chain (WLC) model for polymer elasticity [16, 27] :
where R is the end-to-end extension of the tetramer; l p is its persistence length; and L is its contour length. A key ingredient in the model is that L is not constant, but rather depends on the folding state of the molecule. That is,
where L 0 ≈ 200 nm is the contour length with all repeats folded and ∆L ≈ 30 nm is the gain in length when a repeat unfolds [16] .
With this model in hand, we can further explore the axon tension relaxation and strainsoftening seen experimentally. By solving Eqs.
(1)-(4) for a sequence of equal strain steps, each applied at constant time intervals, our model can qualitatively reproduce the axon stretch response (Fig. 2B) . Following a jump in strain, the tension rises quickly and then relaxes, as spectrin repeats progressively unfold ( Fig. 5B) . At long times after the strain step, the tension tends to a steady-state T ss , such that the locus of values of T ss follows the steady-state tension versus strain curve (red dots in Fig. 5B ). This reflects the tension buffering behavior seen in Figs. 2B, 1D(inset), Fig. S15 , and Ref. [25] . This curve reveals the characteristic strain-softening effect predicted by this model: for small extension, R, most repeats are folded, N u ≈ 0, and the tetramer behaves like a polymer with fixed contour length and with an elastic response T ∝ R. For larger R, the number of unfolded repeats increases, as does the contour length and, so to speak, the reference state of the polymer.
This slackening of the tetramer gives rise to softening with increasing strain (Fig. S16 ).
Our model also predicts a surprising behavior in the axon tension relaxation, specifically a non-monotonic dependence of the relaxation time on strain; see Fig. 5C . By subjecting each model tetramer to a sudden change in extension, from R to R + ∆R, and linearizing
Eqs. 1-4 for small ∆R around the steady-state at R, we find exponential relaxation with time constant
Here, ν u and ν f are the transition rates in the state R (see Suppl. Mat. Sec. 12 for details).
Remarkably, this expression captures very well the experimental dependence of the tension relaxation time with strain shown in Fig. 5D , and the underlying physics can be readily understood. For small R, given that ∆E/k B T > 1 [25] , ν u ν f , and thus τ ≈ 1/ν f . That is, the folding rate initially dictates the rate of tension relaxation . Since, the folding rate decreases with tension, it then follows that τ increases with T , or equivalently with R. For large R, the energy landscape for unfolding and re-folding becomes sufficiently tilted that ν u ν f (Fig. 5C ). Then, τ ≈ 1/ν u , and since ν u increases with T , we find that the relaxation time decreases with strain.
In summary, our simple model is able to account for the main outcomes -strainsoftening, non-zero steady state tension, and non-monotonic tension relaxation -of axon stretch experiments that point to a leading role played by the actin-spectrin ultrastructure.
DISCUSSION AND CONCLUSIONS:
To summarize our main results, using a custom-built, controlled-strain force apparatus, we demonstrate for the first time, to our knowledge, that (i) axons exhibit a strain-softening 14 behavior due to their ability to buffer mechanical tension when stretched (tension homeostasis); and (ii) that their passive response behave as viscoelastic solid, with a relaxation time that depends non-monotonically on strain. We have, furthermore, unravelled hitherto unknown connections between the axon mechanical response and its cytoskeleton, by using experiments that either stabilize or de-stabilize specific elements, including the actinspectrin skeleton. We show that apart from microtubules, (iii) F-actin and spectrin emerge as prominent contributors to the axon mechanics. As axons mature, the actin-spectrin periodic skeleton becomes more prevalent and this correlates with an increase in the Young's moduli of the axons with age.
An order of magnitude estimate of the maximum possible contribution coming from spectrin tetramers to axonal tension can be made as follows. If we assume the width of a spectrin molecule to be 10 nm, and take a typical axon diameter as 1 µm, the maximum number of spectrin molecules (for a mature axon, say) in a cylindrical cross-section can be estimated to be about M ∼ 300. A more conservative estimate can be made using available data from RBCs [28] , where the actin-spectrin junction is reported to be 35 nm in width (with each junction connecting to an alpha and a beta spectrin), and this gives M ∼ 180. If we now take the force needed to unfold a spectrin subunit from AFM experiments as f s 30 pN [16] , we can estimate the axonal tension to be of the order of T ss ∼ 10 − 6 nN. This is in a reasonable range when compared to the experimentally measured plateau tension for 4-DIV axons (Fig. S15 ). Although this is only a rough estimate, and the exact number may depend on the details of the actin rings, it suggest that spectrins could make a significant contribution to axonal mechanics.
Our experiments and theoretical analysis suggest that spectrin can contribute to strainsoftening via force-dependent unfolding and re-folding of spectrin repeats. The minimal model we present ignores possible contributions from other axonal cytoskeletal elements, which will be elaborated below. However, this actin-spectrin model predicts key experimental features like the viscoelastic solid-like response and the non-trivial dependence of the tension relaxation time, which first increases and then decreases at larger strain. These two responses are possible signatures of the role of spectrin unfolding and re-folding in tension relaxation, and argues against a few other possible mechanisms mentioned in Table-S2. For example, a tension relaxation scenario involving actin-spectrin unbinding-or any other crosslink unbinding-would lead to a relaxation time that monotonically decreases with strain and a long time fluid like response. An additional feature of the force-assisted unfolding of spectrin domains is that the tension versus strain response at steady-state exhibit an extended region where the tension is only weakly dependent on the strain (Fig. 2D -inset, S15 and S16). This can have important functional significance as the actin-spectrin skeleton can protect axons against stretch deformations by acting as a tension buffer, or "shock absorber".
There are in-vivo studies that reveal the importance of spectrin in axonal mechanical stability or tension. Notably, in C. elegans, the axons of spectrin knock-out animals are known to snap during normal wiggling of the worm, although the exact nature of axonal deformation (buckling vs stretch) that causes damage is unclear [29] . Moreover, the use of a FRET-based spectrin tension sensor has shown that β-spectrin in C. elegans axons are held under prestress; and this is further supported by axonal retraction observed after laser ablation [30] . Still, to date, there have been no studies that quantitatively relate the actin-spectrin axon architecture to its strain response. In contrast, spectrin-mediated elastic behavior leading to strain softening has been documented in experimental and theoretical studies on Red Blood Cells (RBCs), which have a membrane associated hexagonal actinspectrin skeleton [25, [31] [32] [33] . The current view is that RBC softening is most likely due to the unfolding of spectrin domains under force [34, 35] .
Contributions to axonal mechanics from other cytoskeletal components: As shown schematically in Fig. 1 , the axonal cytoskeleton is a composite structure consisting of microtubules, neurofilaments, and cortical F-actin structures other than that present as rings. Despite the variety of perturbation experiments we report, delineating the individual contributions from these elements become challenging because of the mutual dependencies between them. For example, it has been shown that disruption of microtubules using Nocodazole causes a decay of the actin-spectrin skeleton and stabilizing the filaments using Taxol increases the occurrence of this periodic scaffold [21] . Further, perturbing one component could de-stabilize others. Hence, the effects of microtubule perturbation, for instance, may be more complex than a simple change in their numbers. Microtubule bundles alone can account for softening if their cross-linkers (MAPs) exhibit binding-unbinding dynamics, but such models give a long time fluid like response [23, 24] and also cannot account for the peak in the relaxation time vs strain plot. Thus, while microtubules may be making a direct contribution to the effective moduli we measure, microtubule elasticity alone cannot account for the entire set of experimental observations we report. Another possibility is that microtubules become disrupted under dynamic loading. In fact, microtubules were shown to be weak under dynamic stretching of axons, as they undergo depolymerization at high strain or strain rates [36] . Such catastrophic decay of microtubules under stretch, if it occurs, makes the mechanical support rendered by the actin-spectrin skeleton even more critical in ensuring axonal integrity under fast stretch. However, we note that our experiments where we first stabilize microtubules with Taxol and then disrupt F-actin with Lat-A still causes a reduction in stiffness comparable to neurons treated with Lat-A alone. This suggests that the actin-spectrin skeleton is a major contributor even in presence of stabilised microtubules.
Neurofilaments, too, can play a role in axon mechanics as they form ionic crosslinks and connections to microtubules via motor proteins that transport them, although in vitro studies
show that these networks stiffen considerably before any plasticity sets in [37, 38] .
Strain stiffening and softening in other cell types: The axonal response reported here is in sharp contrast with the strain stiffening response exhibited by many cell types [39, 40] . This stiffening has its origin in the entropic nature of the F-actin cytoskeleton and has been observed in purified systems of a variety of biopolymers [38] . It is also known that the stiffening response can transition towards a softening response at higher strains, either due to the force induced detachment of transient cross-links or due to buckling of filaments [41] [42] [43] . In contrast, the axons we have studied here show only a softening response even at the smallest of explored strain values. It has been reported that eukaryotic cells show a transient softening following a fast stretch and release protocol [44] . This is a transient effect and is not reflected in the steady state modulus of the cell and has been attributed to ATP driven processes, which make the cell behave as a soft-glassy system [45] . The same cells, when subjected to a step strain protocol to measure the steady state modulus, exhibit strain stiffening [44] .
In conclusion, we have demonstrated a mechanical role for the actin-spectrin skeleton in axonal response to stretch. By combining quantitative experiments and theoretical modelling, we show that axonal strain-softening could arise from this spectrin skeleton and it allows axons to undergo significant reversible deformations by acting as molecular bellows which buffer tension. Although our modelling is restricted to the actin-spectrin skeleton, how the composite structure of the axon, with its different interdependent cytoskeletal elements, responds to stretch as a whole is an interesting area for further research and modelling.
Moreover, how the actin-spectrin skeleton self-assembles and how it may dynamically reorganize under stretch on long timescales during growth will be interesting to explore. Apart from revealing the unique bio-mechanical properties, these results should also motivate the design of novel biomimetic materials which can deform at constant stress while retaining the memory of its initial state. From a medical point of view, spectrin mutations are associated with neurological disorders like spinocerebellar ataxia [46] and early infantile epileptic encephalopathies [47] . Hence, apart from direct mechanical effects, how axonal integrity may be affected by spectrin specific mutations will be an area of interest for future studies. 
MATERIALS AND METHODS

Primary Neuronal culture
Image Analysis and statistics
The average fluorescence intensity was measured using the segmented line tool of ImageJ software (NIH, USA) with a specified width to trace the axon of interest and to calculate the intensity per unit area of the axon. When doing this, the background intensity per unit area was measured and subtracted from the axon intensity. Origin software (OriginLab, The setup was tested using another cantilever as mock sample and this gave the expected linear elastic response. Once the cantilever is placed in the container with cells, a drop of mineral oil is added on top of the culture medium to minimize convection currents due to evaporative cooling. Axons were then pulled laterally at their mid-points by extending the piezo by a distance D as shown in Fig. 2A of the main article. During this process we ensure that the cantilever and the axon (except at the soma and the growth-cone) are maintained slightly away from the surface of the coverslip. The resulting cantilever deflection was calculated as D − d (see Fig. 2C of the main article). The axonal strain γ is calculated from the initial length of the axon L 0 . A feedback algorithm implemented using LabView (National Instruments, v14.0) calculates the strain steps such that there is no overshoot, and maintains the strain constant for a prescribed wait time after each step. Axons with initial length in the range of about 100-200 µm were chosen for experiments. The axonal diameter was measured in each case using phase-contrast microscopy.
There are practical difficulties in performing stretching experiments on primary neurons.
The cell body is poorly adherent and can easily move or detach during mechanical perturbations, especially after treating with cytoskeleton modifying drugs. This limits both the range of strain values and the duration of measurements at each strain. For these reasons, we used successive strain steps with a strain-dependent wait time when probing the non-linear response of the axon and small amplitude cyclic strains for cytoskeleton perturbation experiments. Moreover, active contractile responses to mechanical perturbations and growth cone dynamics can get superposed with the passive force relaxation process. In order to suppress active dynamics as much as possible, we performed all experiments at room temperature (25-26 • C). Axons were chosen such that their entire length was within the field of view and the data was discarded if either the soma or the growth cone moved during measurement.
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